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SYNOPSIS 
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Semiflexible  thermotropic  aromatic  polyesters  with  lateral  groups  were 
aligned  magnetically  and  mechanically  In  monodomains  after  separation  into 
high-molecular-weight  (polymer)  and  low-molecular-weight  (oligomer)  frac¬ 
tions.  Based  on  the  total  x-ray  intensity  distributions  recorded  for  a 
series  of  seven  different  substituents  In  the  arylsulfonyl  substituted 
group,  a  novel  smectic  structure  was  determined  for  H,  F,  Cl,  OCH^,  and  CH3 
in  the  pore-position  while  a  normal  nematic  alignment  prevailed  when  it 


contained  Br  or  N02. 
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INTRODUCTION 

—it  is  possible  to  regain  some  of  the  tensile  properties  that  are 

sacrificed  when  flexible  spacers  are  Inserted  periodically  in  a  rigid 

polymer  chain  by  aligning  the  chains  parallel  to  each  other.  One  way  to  do 

this  is  to  utilize  the  dipoles  present  on  the  anisometric  monomers  along 

the  chain  by  placing  the  liquid-crystalline  polymer  (LCP)  In  a  magnetic 

field. "Because  of  their  relatively  high  viscosity,  alignment  of  LCP 

chains  requires  fairly  strong  magnetic  fields.  An  alternative  means  of 

aligning  the  chains  is  provided  by  mechanical  shear,  either  by  drawing 
3  .  4 

fibers  or  producing  sheets,  thus  regaining  sore  of  the  anisotropic 

mechanical  properties  of  the  LCPs  themselves. 

The  present  study  was  undertaken  to  determine  the  molecular  'structure' 
of  semiflexible  polyesters  having  comparable  molecular  structures  to  the 
more  rigid  LCPs  discussed  in  Part  B  of  this  series^Lby  employing  the 
relative  intensities  of  all  recordable  x-ray  reflections,  as  well  as  their 
disposition  in  reciprocal  space.  As  discussed  elsewhere,6  this  had  not 
been  done  extensively  prior  to  1987  but  at  least  one  successful  analysis 
has  been  reported  since  then.^  A  novel  aspect  of  the  present  analysis  Is 
the  use  of  interactive  graphics  to  construct  model  structures  in  three 
dimensions.  This,  in  turn,  enables  the  iterative  structure  analysis  to 
proceed  rapidly  and  easily. 

As  already  described  in  a  preliminary  report,  most  of  the  thermotropic 
polyesters  examined  were  amorphous  initially  and  consisted  primarily  of 
long-chain  molecules  having  a  molecular  weight  average  ranging  from  over 
8,000  up  to  11  ,500  in  addition  to  a  fraction  of  oligomers  present,  as 

O 

revealed  by  the  GPC  curves  recorded.  Since  carrying  out  the  structure 
analysis  requires  well  aligned  LCP  samples,  an  effort  was  made  to  establish 
what  role,  if  any,  may  be  played  by  the  oligomers  present.  The  results  of 
this  study  are  also  reported  below. 
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EXPERIMENTAL 

The  present  study  was  carried  out  on  thermotropic  polyesters  based  on 
a  triad  ester  mesogenic  unit  containing  an  arylsulfonyl  substituted  hydro- 
quinone  group  and  a  decamethylene  spacer  group  of  the  following  structure: 
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where  X=H,  Cl,  F,  Br,  CH^,  OCH^,  and  NO^.  The  thermal  transition  points, 

8 

as  determined  by  DSC,  have  been  reported  previously. 

The  as-polymerized  polyesters  were  separated  into  high-molecular 

weight  (polymer)  and  low-molecular  weight  (oligomer)  fractions  by  repeated 

fractional  precipitation  using  chloroform  as  the  solvent  and  methanol  as 

the  nonsolvent.  Subsequent  GPC  measurements  were  carried  out  using  three 

Waters  Associates  U1 trastyragel  columns  with  actual  pore  sizes  of  50,  100, 

g 

and  1,000  nm,  as  described  elsewhere.  The  two  segregated  fractions  were 
then  examined  under  nitrogen  on  an  indium-calibrated  DuPont  DSC-910  to 
check  their  respective  thermal  transition  points.  The  resulting  data  Is 
presented  in  Table  I. 


X-Ray  Analysis 

8oth  the  predominantly  polymer  and  oligomer  fractions  were  packed  in 
Lindenmann  glass  capillaries  (0.8  mm  diam.)  and  placed  Inside  a  special 
furnace  (about  10°c  above  their  respective  T^  in  Table  I)  In  a  uniaxial 
magnetic  field  of  15  tesla.  After  5-6  hours  at  that  temperature,  the 
samples  were  quenched  by  dousing  with  liquid  nitrogen  or  by  cooling  In  air. 
(No  significant  differences  were  noted.)  Additional  fiber  samples  were 
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prepared  by  extrusion  from  the  nematic  melt  (air  quenched).  The  x-ray 
diffraction  intensities  were  recorded  photographically  using  a  Buerger 
precession  camera  which  is  equally  suited  for  normal-team  photography  (Laue 
arrangement)  or  for  exploring  the  reciprocal  lattice  without  any  distor¬ 
tion.  Cu  K.a  radiation  from  an  18  KW  rotating-anode  generator  was  mono- 
chromatized  by  a  bent  graphite  crystal.  A  Quantiment  900  was  used  to 
measure  the  recorded  intensity  profiles  and  Evans  and  Sutherland  PS300 
interactive  graphics  to  model  3-D  molecular  structures. 

RESULTS  AND  DISCUSSION 
Molecular  Weight  Differences 

The  GPC  curves  obtained  for  all  the  substituents  except  NO^,  which  was 

not  readily  soluble,  are  epitomized  by  those  shewn  in  Fig.  1  for  the 

polymer  and  ol igcmer-rich  fractions.  Clearly,  the  separation  is  far  from 

complete  although,  as  can  be  seen  in  Table  I,  their  respective  molecular- 

weight  averages  differ  by  a  factor  of  three  or  more.  As  expected  from 

8  9 

previous  observations,  *  both  Tm  and  T.  increase  with  increasing  molecular 
weight  on  proceeding  from  the  as-polymerized  sample.  It  is  surprising, 
however,  that  the  reverse  is  not  always  true,  the  melting  temperatures  for 
oligomers  containing  H,  0CH3,  and  F  are  actually  higher  than  those  for  the 
as-received  polymers.  Whether  this  is  relatable  to  the  fact  that  H,  F,  and 
OCH^-containlng  oligomers  tend  to  crystallize  below  Tm,  whereas  the  others 
do  not,  has  not  been  established  as  yet. 

X-Ray  Diffraction  Results 

For  all  practical  purposes,  no  significant  differences  were  observed 
between  the  x-ray  diffraction  photographs  of  magnetically  and  mechanically 
aligned  samples.  More  unexpectedly,  no  differences  were  observed  between 
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magnetically  aligned  polymer  and  oligomer-rich  sa~ples  despite  their 
viscosity  differences.  This  may  be  attributable,  however,  to  the  high 
field  strength  (15  tesla)  of  the  superconducting  magnet  employed.  It  Is 
quite  likely  that  a  study  of  the  threshold  field  strergth  required  to  align 
the  LCPs  present  would  show  a  molecular  size  effect  since  considerably 
lower  field  strenghts  (by  more  than  one  order  of  magnitude  )  are  adequate 
for  aligning  small-molecule  liquid  crystals. 

The  present  series  of  thermotropic  polyesters  yielded  essentially  two 
kinds  of  x-ray  diffraction  intensity  distributions.  Figure  2  typifies  the 
one  for  H,  F,  Cl,  CH^,  and  OCH^  substituents  in  the  lateral  group  while 
Fig.  3  shows  the  distribution  when  the  substituent  is  either  Br  or  NOj. 
Aside  from  certain  variations  in  the  re"!ative  lengths  of  the  reciprocal- 
lattice  vectors  (Table  II)  note  the  relative  sharpness  of  the  meridional 
reflections  in  Fig.  2  and  their  virtual  absence  in  Fig.  3.  In  fact,  Table 
II  shows  that  the  reciprocal-lattice  vectors  to  the  meridional  maxima  and 
the  broad  equatorial  reflections  have  identical  lengths,  within  experi¬ 
mental  error  of  measurement.  The  off-meridian  reflections  typical  of 
short-range  chain-to-chain  ordering  in  semlflexible  LCPs,  however,  are 
again  the  same  for  all  samples  diffracting  like  Fig.  2  but  lie  at  different 
distances  from  the  origin  of  reciprocal  space  in  Fig.  3  and  their  respec¬ 
tive  vectors  form  a  different  angle  with  the  meridian  (chain  direction). 
This,  as  well  as  the  significantly  weaker  intensities  of  00i  reflections  in 
Fig.  3,  will  play  an  important  role  in  the  structure  analyses  described 
next. 

For  ease  of  reference,  the  off-axis  reflections  In  Figs.  2  and  3  are 
labelled  %hOi%  in  Table  III.  Single  quotation  marks  are  used  In  this  case 
and  for  the  broad  equatorial  'hkO*  reflection  to  stress  the  absence  of  a 
lattice  (unit  cell)  to  which  the  Miller  indices  can  be  referred.  The 
choice  of  these  designations  is  convenient  nevertheless  because  it  properly 
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locates  the  region  of  reciprocal  space  where  such  rejections  occur  In  the 
case  of  true  crystals.  Note  that,  in  the  present  LCP  case,  the  Intensity 
distribution  in  reciprocal  space  is  cylindrically  syrretric  about  the  chain 
direction  (meridian)  so  that  Figs.  2  and  3  are  'hci'- type  cross  sections  of 
the  actual  distributions.  This  means  that  the  x-ra>  samples  must  consist 
of  cylindrically  arrayed  parallel  monodomains.  The  absence  of  any  evidence 
of  amorphous  diffraction  halos  further  indicates  that  virtually  all  the 
chains  are  extended  in  such  parallel  monodomains  as  also  evidenced  by  the 
lack  of  any  arcing  of  the  equatorial  reflection.  Its  breadth,  however, 
suggests  that  the  diffraction  angles  corresponding  to  the  intensity  values 
at  half-maximum  intensity  be  used  to  calculate  the  range  of  interchain 
separation  as  suggested  in  Part  A.^  This  range  turns  out  to  be  0.30 
to  0.45  nm.  for  the  photograph  in  Fig.  2. 

Structure  Analyses 

The  availability  of  interactive  graphics  instruments  that  enable  the 
rapid  construction  of  three-dimensional  models,  tr.at  can  be  viewed  by 
stereoscopic  optics  while  their  conformation  and  spatial  disposition  is 
undergoing  change,  greatly  facilitates  an  iterative  approach  to  analyzing 
the  positions  and  relative  intensities  of  diffraction  maxima.  Moreover, 
Individual  monomers  or  components  can  be  color  coded  to  further  ease  their 
visualization  while  'fitting'  them  into  an  appropriate  model.  Figure  4 
represents  three  basic  ways  available  for  depicting  a  molecule.  Figure  4a 
shows  a  filled  out  molecular  chain  with  each  atom  represented  by  a  sphere 
of  the  appropriate  Van  der  Waals  radius.  Alternatively,  Fig.  4b  portrays 
the  skeletal  outline  of  the  atomic  centers  while  Fig.  4c  is  the  same  as 
Fig.  4b  except  that  the  volume  of  rotation  of  the  aromatic  rigid  core  is 
represented  by  an  eight-sided  prism  (because  our  instrument  cannot  depict 
cylinders).  For  present  purposes,  the  latter  representation  proved  most 


convenient  (especially  when  viewed  in  color)  because  it  makes  it  easier  to 
observe  the  packing  of  the  chain  molecules  in  three  dimensions. 

Reference  to  Table  II  shows  that  the  intensity  distributions  for 
polyester  chains  containing  H,  F,  Cl,  CH^,  and  OCH-j  in  the  lateral  groups 
are  virtually  identical.  The  prominent  off-axis  reflections  (Fig.  2) 
strongly  suggest  that  these  lateral  groups  should  lie  along  pyramidal  'hOt' 
planes  in  the  monodomains  so  that  the  relative  longitudinal  displacement  of 
chains  like  those  in  Fig.  4c  were  adjusted  in  the  graphical  model  so  that 
the  lateral  groups  were  lying  along  such  ' h0£ '  planes  as  indicated  in  Fig. 
5a.  The  other  constraint  placed  on  the  chains  was  that  they  had  to  be 
parallel  and  that  they  could  not  encroach  on  each  other's  space  but, 
otherwise,  they  were  free  to  rotate  about  the  chain  axes  and  to  move 
longitudinally  or  laterally.  A  best  'fit'  under  these  constraints  is  shown 
in  a  side  view  in  Fig.  5a  and  in  an  end  view  (along  the  chains)  in  Fig.  5b. 
It  is  not  surprising  that  the  end  view  shows  that  there  is  no  regularity  in 
the  side-to-slde  array  of  the  chains,  In  conformit>  with  what  is  observed 
in  Fig.  3.  The  interchain  separations  in  Fig.  5b  range  from  C.30  tc  0.45 
nm.  and  are  consistent  with  the  measured  density. 

An  examination  of  the  model  in  Fig.  5a  shows  that  the  monomer  units 

are  arrayed  in  virtual  layers  perpendicular  to  the  chain  axes.  In  fact, 

the  spacing  of  the  most  clearly  discernible  layering  corresponds  to  one- 

third  of  the  repeat  unit  along  the  chain.  This  explains,  of  course,  why 

003  is  the  most  Intense  meridional  reflection  in  Fig.  2.  What  was  not 

realized  until  the  final  molecular  model  (Fig.  5)  *as  developed  was  that 

the  slde-to-side  alignment  that  such  an  array  produces  Is  more  typical  of 

1 2 

smectic  ordering  rather  than  the  nematic  ordering  previously  assumed. 
Note  that  this  Is  unlike  the  smectic  ordering  In  smal 1 -molecule  (monomer) 
liquid  crystals  in  which  neighboring  molecules  tend  to  have  parallel 
orientations  within  a  common  layer. 


When  the  interplanar  separation  and  inclination  of  the  pyrarridal 
planes  is  altered  to  fit  the  ' hO £. *  values  for  Br  or  N02,  placing  no  other 
restrictions  on  the  chain  positions  (as  before)  other  than  that  their  end 
view  should  be  like  that  in  Fig.  5b,  then  a  best  'fit'  occurs  for  the  model 
shown  in  side  view  in  Fig.  6.  Since  the  side-to-side  packing  separations 
could  not  change  by  much,  the  major  accommodations  had  to  take  place  by 
longitudinal  displacements  of  the  chains.  Not  surprisingly,  such  a  nematic 
packing  disrupts  the  coherency  of  (OOi)  'layers'  and  modifies  the  shape  and 
relative  intensities  of  OOt  reflections.  Their  absence  (or  very  low  inten¬ 
sity)  in  Fig.  3  supports  the  model  (Fig.  6)  in  which,  incidentally,  the 
chains  are  not  rigid  so  that  the  monomer  units  comprising  them  may  be 
slightly  splayed  and  not  strictly  periodically  spaced  along  the  chain  axis 
(as  well  as  randomly  rotated  about  this  axis).  In  fact,  the  model  in  Fig. 
6  is  an  idealization  of  what  the  actual  molecular  array  is  like  but  it  does 
represent  in  two  dimensions  the  most  likely  organizational  ordering  (struc¬ 
ture)  In  these  thermotropic  polyesters  having  either  Br  or  N02  substituents 
in  the  lateral  groups. 


CONCLUSIONS 

By  utilizing  all  the  intensity  information  in  reciprocal  space,  i.e., 
the  relative  intensity  magnitudes  as  well  as  their  spatial  disposition,  it 
is  possible  to  devise  molecular  models  for  semiflexlble  thermotropic 
polyesters  aligned  in  monodomain-like  arrays.  Abetted  by  the  availability 
of  interactive  graphics  to  facilitate  model  construction,  modification,  and 
examination  in  three  dimensions,  a  new  kind  of  smectic  alignment  has  been 
discovered  to  occur  In  polyesters  having  certain  substituents  in  their 
lateral  groups  while  a  more  usual  nematic  packing  occurs  for  other  substi¬ 
tuents.  The  reason  for  these  different  forms  of  aggregation  Is  not  under¬ 
stood  at  present. 
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Substituent  I  Sample 


TABLE  I 

Molecular  Weight  and  Thermal  Data 
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93 
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91 
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TABLE  II 


Figure  Captions 

Gel  Permeation  chromatograms  for  CH^  substituent. 

a.  High-molecular-weight  fraction  (polymer). 

b.  Low-molecular-weight  fraction  (oligomers). 

Zero-level  precession  photography  of  H-substltuted  polyester 
(u=15°,  F= 1 00  mm). 

Zero-level  precession  photograph  of  Br-substltuted  polyester 
(u=16°,  F=60  mm).  (A  square  absorbing  film  attenuates  the 
central  region  of  this  photograph). 

a.  Atomic  shells  filled  out. 

b.  Skeletal  outline  of  molecules. 

c.  Polygonal  prisms  joined  to  skeletal  flexible  chain  units  and 
lateral  groups. 

Packing  model  for  H,  F,  Cl,  CH3,  and  OCH^  substituents. 

a.  Side  view  with (hOi) planes  indicated. 

b.  End  view  showing  the  projections  of  the  aliphatic  chains 
within  the  octagons. 

Side  view  of  packing  model  for  Br  and  NO2  substituents. 
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